Planetary boundary layer (PBL) height sensitivity to both so-called single and accumulated land cover and soil changes is investigated in shallow convection under cloud-free conditions to compare the effects. Single land cover type and soil changes are carried out to be able to unequivocally separate the cause and effect relationships. The Yonsei University scheme in the framework of the Weather Research Forecasting (WRF) mesoscale modeling system is used as a research tool. The area investigated lies in the Carpathian Basin, where anticyclonic weather type influence dominated on the five summer days chosen for simulations. Observation-based methods applied for validating diurnal PBL height courses manifest great deviations reaching 500-1300 m. The obtained deviations are somewhat smaller around midday and greater at night. They can originate either from the differences in the measuring principles or from the differences in the atmospheric profiles used. Concerning sensitivity analyses, we showed that PBL height differences caused by soil change are comparable with the PBL height differences caused by land cover change. The differences are much greater in the single than in the accumulated tests. Space averaged diurnal course difference around midday reaching a few tens of meters can be presumably treated as strongly significant. PBL height differences obtained in the sensitivity analyses are, at least in our case, smaller than those obtained by applying different observation based methods. The results may be utilized in PBL height diurnal course analyses.
Introduction
Hungary has a continental climate, which may be presented as being cool and dry with extreme seasonal changes of temperature (Feddema, 2005) . This climate is also characterized by hot summers with long-lasting dry periods. During these periods, the prevailing process is shallow convection often generating shallow convective clouds, known as "fair weather cumuli", which are typical in the afternoon. Since Hungary's relief is quite uniform, the planetary boundary layer (PBL) state in such cases is mostly determined by the state of the land-surface, that is, by soil and land cover characteristics.
Land use induced land cover change (LULCC) can have a profound effect on shallow convection. Vegetation differences can cause "vegetation breeze", that is, locally induced thermally driven winds (e.g. Segal et al., 1988 Segal et al., , 1989 Mahfouf et al., 1987; Hong et al., 1995) , cloud formation (e.g. Garrett, 1982; Rabin et al., 1990; Chen and Avissar, 1994; Adegoke et al., 2007) , changes in the thermodynamic state of the PBL (e.g. McPherson et al., 2004; McPherson and Stensrud, 2005; Garcia-Carreras et al., 2010) . The impact of soil characteristics on PBL is also well documented. Among soil properties, soil texture is the most important and this is analyzed thoroughly e.g. by Alapaty et al. (1997) and Niyogi et al. (2002) . The role of soil hydraulic functions (e.g. Cuenca et al., 1996; Shao and Irannejad, 1999) and the variation of soil hydraulic parameters (e.g. Ek and Cuenca, 1994; Mölders, 2005) are also well documented. There are also investigations on the effect of the use of diffent soil databases (e.g. Ács et al., 2010; Breuer et al., 2012) .
In these studies, the effect of soil or land cover changes on PBL is analyzed separately without any comparison of the two effects. To bridge this gap, we analyzed comparatively the soil and land cover change effects on PBL height investigating its diurnal course during five hot summer days in the Carpathian Basin. In the comparisons, we used both so-called single and accumulated (Mölders, 1999) land cover and soil change tests. The Weather Research Forecasting model (WRF) was used as a research tool. The model setup together with PBL and land-surface parameterizations is described in section 2.1. Measurement techniques, PBL height determination methods used, and the days chosen for simula-tion are presented in section 2.2, 2.3 and 2.4. Data used in the simulations, experimental design and the significance test method are briefly discussed in sections 2.5, 2.6, 2.7 and 2.8. Validation and sensitivity test results are presented in section 3, the conclusions drawn are described in section 4.
Methods and data

WRF model
The Weather Research and Forecasting model has been developed and used by a wide community of researchers and forecasters from its early release in 2002. This software is applicable for both atmospheric research and weather forecasting purposes ranging from micro to global scales.
Model setup
Simulations were performed using the WRF-ARW (Weather Research Forecasting-Advanced Research Weather) v3.3.1 model (Skamarock et al., 2008) . The number of vertical levels in the atmosphere was 44, from these 24 levels were under a height of 2 km. The domain centered in the Carpathian Basin (N47.10; E19.30) included 97 by 97 grid points covering the Carpathian Basin and some parts of surrounding mountains and other neighboring area. The horizontal resolution was set to 10 by 10 km.
The physical parameterizations were as follows: the RRTM (Rapid Radiative Transfer Model) for long wave radiation (Mlawer et al., 1997 ), Dudhia's (1989) scheme for shortwave radiation, the YSU (Yonsei University) scheme (Hong et al., 2006) for PBL, the WSM 3-class (WRF-Single Moment 3-class) simple ice scheme (Hong et al., 2004) for microphysics, the modified version of the Kain-Fritsch scheme (Kain, 2004) for cumulus convection and the Noah (National Centers for Environmental Prediction-Oregon State University-Air Force-Hydrologic Research Lab) scheme (Chen and Dudhia, 2001 ) for land-surface processes. The package was extensively tested by Gyöngyösi et al. (2013) for simulating shallow convection in typical summer conditions. According to the results obtained, the parameterization package seemed to be cost-efficient and suitable.
Planetary boundary layer parameterization
There are several options for representing planetary boundary layer treatment in the new WRF release. We used the Yonsei University (YSU) scheme (Hong et al., 2006) , which is an advanced PBL scheme based on the nonlocal mixing theory taking into account the contribution of large-scale eddies to the total flux. This is achieved by an explicite treatment of the entrainment process at the inversion layer. Boundary layer height is estimated by calculating the bulk Richardson number Rib 
h is estimated comparing the Rib(z) at height h and the Rib cr . h is that height where Rib(z) = Rib cr . In most cases, this can be achieved only by interpolation of Rib(z) using its values from the adjacent model levels. Rib cr for unstable stratification (Rib un cr ) is equal to 0, while for stable stratification (Rib st cr ) it is equal to 0.25.
Land-surface parameterization
The Noah LSM (Chen and Dudhia, 2001 ) is applied for representing soil and vegetation processes. Noah is a well known land-surface parameterization scheme, the development of which began in the 1980s (Mahrt and Pan, 1984; Pan and Mahrt, 1987) . It possesses a multilayer soil and a single layer snow and canopy model. More about the soil and the vegetation modules can be found e.g. in Horváth et al. (2009) . These modules are presented from the point of view of water transport, which is actually the core of the scheme. Other aspects, e.g. turbulent exchange processes, are not considered since they are relatively less important.
Measurements
The measurements of the PBL profile were performed at the Observatory of Szeged (46.25°N, 20 .10°E) of the Hungarian Meteorological Service. The site is outside the city in an agricultural environment. A radiometer and a wind profiler are in operation at the station. The MP-3000A ground-base microwave radiometer measures temperature, humidity and liquid water content profiles at every 50 meters in the 0-500 m layer, at every 100 meters in the 500-2000 m layer, and at every 250 meters in the 2000-10000 m layer. The instrument has 21 calibrated channels in 22-30 GHz (K-band) and 14 channels in 51-59 GHz (V-band). The instrument 
Planetary boundary layer height determination methods
The maximum Signal-to-Noise-Ratio (SNR) method (Angevine et al., 1994 ) is applied to wind profiler data. White (1993) argued that the maximum value of the SNR profile together with the maximum value of refractive index structure-function parameter profile, C 2 n , are located around the level of PBL height. These facts are also documented by numerous observational and/or modeling studies (e.g. Wyngaard and LeMone, 1980; Cohn and Angevine, 2000) . In this study, first the median of the five SNR values is determined, afterwards the level with the highest SNR is assigned as the PBL height.
PBL height is also estimated by applying the YSU scheme using wind profiler and radiometer data. The applied procedure slightly differs from the one presented in section 2.1.2, namely, when calculating Rib(z) the effect of θ T is not taken into account at all because of the missing near surface data. In most cases, the first level of available measurement results was at the height of 405 m (second measurement level).
Simulated days
The days chosen for simulations were 5 July 2012; 7 August 2012; 20 August 2012; 28 August 2012 and 2 August 2013. Some basic weather elements for these days from the point of view of the subject considered are presented in Table 1 . Sunshine duration was about 13 hours on all days. Daily temperature amplitude fluctuated between 18-22°C except on 7 August 2012 and the surface atmospheric pressure was close to 1020 hPa or higher except on 5 July 2012. On all days the anticyclonic weather type influence was dominant, this influence was somewhat disturbed by an oncoming cold front from the south-west on 5 July 2012 and by a rather dry cold front passing over in the morning hours on 7 August 2012. The impact of the cold fronts was completely diverse. The cooling effect was negligible on 5 July, but it was much stronger on 7 August. Hence, the thermal and dynamic characteristics of local air masses were rather diverse on these two days. The anticyclonic weather influence ensured mostly cloud-free conditions (somewhat more clouds beginning from midday were formed only on 5 July 2012) enabling shallow convection induced by strong incoming solar radiation.
Initializations
Initial and boundary conditions for the calculation domain were generated from GFS (Global Forecasting System) model data by the WPS (WRF Preprocessing System) preprocessor of the WRF system. Global weather data were available every 3 hours in a horizontal resolution of half a degree. The vertical grid spacing of the global model was identical to that of the local model integration, the top pressure level was set to 50 hPa. Initialization of soil temperature and moisture content is performed using interpolated final analysis fields of GFS. These state variables represent layer averaged values in sub-layers 0-10, 10-40, 40-100 and 100-200 cm below the ground. In the generation of initial fields data assimilation was not applied, instead of this, each run is performed using a 12-hour spin-up time in order to obtain variables that are as steady-state as possible.
Land-surface data
Noah uses a dozen (for each land cover and soil texture combination at least 10-15 parameters; the possible number of the combinations is a few hundred) landsurface parameters. Many of them are highly dependent on the land cover and soil texture type.
Two land cover type categorizations are used, the USGS (United State Geological Survey) and the Corine 2000 (Coordinate Information on the Environment). In USGS, 21 land cover types are distinguished, among them only a few (e.g. crop, crop/grass, forest, shrubland, bare ground, water, urban) are used in Hungary (Fig. 1 left) . Corine 2000 land cover type classification (European Environmental Agency, 2002) is adapted for WRF applications in Hungary by Drüsz-ler (2011) (Fig. 1 right) . Note that the spatial distributions of the land cover types obtained by the two methods are quite similar. The main difference is in the specification of land cover type "shrubland" (Göndöcs, 2013) . Soil texture categorization is given after USDA (United State Department of Agriculture), this means 11 soil texture classes in total. The area distribution of classes is specified according to both FAO (Food and Agriculture Organization) (Fig. 2 left) and DKSIS (Digital Kreybig Soil Information System) ( Fig. 2 right) . The latter database is the product of the HAS CAR (Hungarian Academy of Sciences Centre for Agricultural Research), its description can be found in Pásztor et al. (2010) . Among the 11 soil textural classes there are only 7 classes in Hungary. Soil hydraulic parameters for Hungarian and USA soils are given in Table 2 and Table 3 , respectively.
Experimental design
In total eleven run types are performed for each day (Table 4). In each run a specific land cover type/soil texture/soil parameter value combination is used. In run 0, the actual land cover type specified by USGS (Fig. 1,  left) , the actual spatial distribution of soil texture represented by FAO (Fig. 2, left) and Hungarian soil parameter values (Table 2 ) are used. This is denoted as run 00-00-HU (column 1 is for land cover type, column 2 Table 2 : Hungarian soil hydraulic parameters as used in the Noah LSM. Θ s = soil moisture content at saturation, Θ f = field capacity, Θ w = wilting point, Ψ s = soil moisture potential at saturation, b = pore size distribution index and K s = hydraulic conductivity at saturation. Table 2 . (14) actual from FAO HU 9 00-00-HU-dksis actual from USGS actual from DKSIS HU 10 00-00-HU-corine actual from Corine actual from FAO HU for soil texture and column 3 for soil parameter values) and will be referred to as the "reference" run. Run 1, run 00-00-US, differs from run 0 only in terms of soil parameter values. Instead of Hungarian the USA soil parameter values are chosen. In run 2, run 00-01-HU, the only difference with respect to run 0 is in the soil texture. Instead of actual spatial distribution of soil texture given by FAO, the soil texture "sand" covered the whole country. Run 3, run 00-12-HU, is similar to the former case.
Soil texture
The actual spatial distribution of soil texture is replaced by the soil texture "clay". In run 4, run 05-00-HU, the only difference with respect to run 0 is in the land cover type. Instead of actual land cover distribution given by USGS the land cover type "cropland/grassland mosaic" covered the whole country. In runs 5, 6, 7 and 8, similarly to run 4, the only difference with respect to the reference run is in the land cover type. Run 9, run 00-00-HU-dksis, differs from the "reference" run only in the spatial distribution of soil texture; instead of FAO, DKSIS specification is used. Lastly, run 10 differs from the "reference" run only in the representation of actual land cover type distribution. The USGS is replaced by Corine representation. Sensitivity tests are performed for so-called single and accumulated land use (e.g. Mölders, 1999) and soil texture changes. In the so-called single test, the actual spatial distribution is simply replaced by a homogeneous distribution. In the so-called accumulated test, one actual spatial distribution is replaced by an another actual spatial distribution. In total seven single and three accumulated tests are performed for each day. Single tests referring to land-surface effects are performed by comparing the results of run 0 and runs 4, 5, 6, 7 and 8. So, we can get an insight into how important the land cover changes are. An accumulated test referring to land-surface effects is performed by comparing the results of run 0 and 10. Single tests referring to soil effects are performed by comparing the results of run 0 and runs 2 and 3. With these comparisons, we can analyze the effects caused by changing soil hydraulic properties. The same, but for accumulated tests, can be achieved by comparing the results of run 0 and runs 1 and 9. In all runs, the model was started at 12 UTC the previous day. The model was running for 36 hours to ensure a 12-hour spin-up time.
Significance test
The diurnal change of PBL height is an autoregressive stochastic periodic process in a statistical sense and depends mainly on incoming radiation. To separate land cover and soil change effects in the diurnal course, the natural diurnal course of PBL height was overcome with Fourier-series analysis. It has to be noted that Fourierseries application puts limitations to the applicability of the method, for instance, in such cases, when the variance of PBL height is less than zero. The method is also not applicable when the available number of timesteps is less than 6, or the autocorrelation coefficient is greater than 1. The method's applicability could also be limited by some adjustments (e.g. the standard deviation of normalized PBL heights has to be greater than 0.05 or the average difference of PBL height has to be greater than 1), which have to be introduced in order to avoid great ratios when there is no actual difference between the datasets. If the method is applicable, the obtained statistical indicator (Breuer et al., 2012; Eq. 5 ) is tested by the Student t-test to P < 0.10, P < 0.05, P < 0.01 and P < 0.001 probabilities. The null hypothesis is that there is no sensitivity (no systematic difference) of PBL height to land cover and soil changes.
Results and discussion
Validation results
Validation tests are performed on 5 July and on 7, 20 and 28 August 2012 using the measurement results obtained at the Observatory of Szeged of the Hungarian Meteorological Service.
Comparison of the PBL heights
Diurnal courses of the PBL height estimated by SNR as well as by YSU using measurements and WRF simulated results are presented in Fig. 3 . The YSU-MEA-YSU-WRF differences change between about −1000 m and 1000 m. They are variable in the midday and rather constant at night. In most cases, they are caused by differences existing between the observed and simulated wind profiles. This is illustrated in a morning case (9 UTC) on August 20, 2012 (Fig. 4) , when the PBL height difference is about 800 m. The shape of the [ΔU (z)] 2 (ΔU (z) 2 = (Δu) 2 + (Δv) 2 , where Δ is the difference between consecutive levels) profile is similar in both cases, though [ΔU (z)] 2 obtained by WRF is greater than [ΔU (z)] 2 obtained by measurements. Further, in the lower levels (below 500 m) the [ΔU (z)] 2 is too high in the simulations causing high gradients. Because of the high gradient, the Rib number increases in the lower levels over 0 resulting in a PBL height of about 500 m (YSU-WRF). In the measurements, the Rib cr = 0 is reached only at around 1300 m. Note that without high values of [ΔU (z)] 2 on the lower levels, the model would estimate about the same height for the PBL as is given in the measurements.
YSU-WRF overestimates YSU-MEA on 5 July 2012, on 7 August 2012 and on 28 August 2012, but it is smaller than YSU-MEA on 20 August 2012. At night, YSU-WRF is always smaller than YSU-MEA. It is noticeable that the SNR-YSU-MEA differences are at least as great as the YSU-WRF-YSU-MEA differences. In extreme cases they reach about 1300 m. At night, SNR usually overestimates YSU-MEA. At midday, SNR approaches YSU-WRF somewhat better than YSU-MEA. Summarizing, the PBL height courses obtained by the methods considered are considerably scattered, and they show somewhat better agreement around midday than at night, which facilitates the investigation. In the case of YSU-WRF and YSU-MEA, the differences originate from different wind speed profiles.
Spatial distribution of PBL height
Among the chosen days, 5 July 2012 is the most extreme. Hence, the spatial distribution of PBL height is illustrated for this day, which we present in Fig. 5 for reference run (run 00-00-HU) conditions at 1200 UTC.
The highest PBL height values reach 2400-2600 meters, they can be found in the Great Hungarian Plain. Much lower PBL height values (500-1000 m) are above mountain and water surface regions as well as in the cloudy regions of western Transdanubia. Diurnal courses of PBL height are analyzed in the sub-region denoted (see Fig. 5 ), where the sky was completely or almost completely cloud-free during the daytime period.
Sensitivity tests
Space/time averaged PBL height differences between the reference and the actual run in the sub-region and in the time period 1100-1500 UTC on all five days are presented in Table 5 . The smallest PBL height differences are obtained in comparisons 00-00-HU/00-00-HU-dksis (except 5 July 2012) and 00-00-HU/00-00-HU-corine. Note that PBL height differences are close to zero. The somewhat greater differences obtained on 5 July 2012 are caused by differences in the simulated cloud cover in spite their small values. Somewhat larger PBL height differences refer to comparisons 00-00-HU/00-00-US. The differences obtained in comparison 00-00-HU/00-01-HU are greater than the former and they are comparaDownloaded from www.schweizerbart.de Unauthorized distribution of this copyrighted material is strictly forbidden! 
Comparison of the runs Probability levels (p-values)
Significantly different Days 1 2 3 4 5 00-00-HU/00-00-US 0.10 yes na na na na 0.05 yes na na na na 0.01 no na na na na 0.001 no na na na na 00-00-HU/00-01-HU 0.10 na yes na yes yes 0.05 na yes na yes yes 0.01 na yes na yes yes 0.001 na yes na yes yes 00-00-HU/00-12-HU 0.10 na yes yes na yes 0.05 na yes yes na yes 0.01 na yes yes na yes 0.001 na yes yes na yes 00-00-HU/00-00-HU-dksis 0.10 no na na na na 0.05 no na na na na 0.01 no na na na na 0.001 no na na na na ble in terms of absolute value to the differences obtained in comparison 00-00-HU/05-00-HU. The averaged PBL height difference from comparisons 00-00-HU/06-00-HU is −149 m, which in terms of absolute value is much higher than the former differences. The greatest PBL height differences can be found in comparisons 00-00-HU/00-12-HU, 00-00-HU/11-00-HU, 00-00-HU/14-00-HU and 00-00-HU/12-00-HU. On average they are greater in terms of absolute value than 200 m. Hereinafter, the soil and land cover change effects will be treated separately.
Soil change
The results of significance testing regarding the difference between the diurnal courses of PBL height caused by soil changes are presented in Table 6 . In comparison 00-00-HU/00-00-US, the method was applicable only on 5 July 2012 (day 1). Then, the differences are significant at significance levels of 0.05 and 0.10. In comparisons 00-00-HU/00-01-HU, 00-00-HU/00-12-HU the applicability of the method is somewhat better, namely, the method was applicable on three of the five days. The applicability is also small in comparison 00-00-HU/00-00-HU-dksis. In this case, the method is applicable only on 5 July 2012, nevertheless, the differences are insignificant at all significance levels though they seem to be high (Table 5) . Summarizing, the significance test method was not applicable in most cases (only in thirty-two cases from eighty). When it was applicable, the differences caused by soil changes were significant in most cases. Diurnal courses are also analyzed from the physical point of view. Among the five days, two such days were chosen which mostly differed from each other. These two days were 5 July 2012 and 7 August 2012. Area-averaged diurnal courses of PBL height obtained in the sub-region for comparisons 00-00-HU/00-01-HU and 00-00-HU/00-12-HU on 5 July 2012 and on 7 August 2012 are presented in Fig. 6 . Each plot contains information on mean differences and standard deviations. "D" denotes the space/time averaged PBL height difference between the reference and the actual run in the sub-region and in the time period 1100-1500 UTC (see also Table 5 ), when PBL height values are the highest. "STD" denotes the time averaged standard deviation of the PBL height obtained for the actual run in the time period 1100-1500 UTC. The curves are presented with their standard deviations. In these single tests, the cause and effect relationships are unequivocal. On changing soil texture, the plant available soil moisture content (ASMC), as one of the most important soil parameters (Reen et al., 2006; Teuling et al., 2009 ) also changes. According to FAO, the sub-region is covered by loam, clay loam and sandy loam textural classes. These soil textures possess greater ASMC than sand (Table 2) , consequently, the ratio between the actual and the plant available soil moisture content (RASMC) will be lower, that is, dryness will be greater than in the areas covered by sand. Of course, areas with lower RASMC will produce more intense turbulence, which is also reflected in the higher PBL height (comparison 00-00-HU/00-01-HU). An analogous consideration could also be made for comparison 00-00-HU/00-12-HU. The clay textural class possesses greater ASMC than loam, clay loam and sandy loam textural classes (Table 2) , consequently, PBL height above clayey areas (run 00-12-HU) is significantly higher than the PBL height above loamy areas (run 00-00-HU). With respect to the effect of changing soil map (Fig. 7) , the deviations are negligable on 7 August, but somewhat greater on 5 July. These deviations are caused by the deviations obtained in cloud cover prediction beginning from about 1200 UTC. In this so-called accumulated test, the above mentioned cause-effect approach is less applicable. It is noticeable that PBL height courses on the two days considerably differ from each other. The morning increase rate of PBL height is much greater on 5 July than on 7 August. Considerable differences can also be found in the night time period. Calculated PBL height values between 300-600 m in the pre-dawn period on 7 August seem to be rather high, these could be attributed to strong mechanical forcing caused by an upcoming and crossing cold front. At the same time, the cold front's cooling effect moderated the increasing rate of PBL height in the morning. The abrupt-like increase of PBL height in the morning hours on 5 July is mostly thermally driven, namely, the former day was similarly hot and the cold front did not cause cooling in the subregion.
Land cover change
The results of significance testing regarding the difference between the diurnal courses of PBL height caused by land cover changes are presented in Table 7 . In most cases, the PBL height differences are significant at all significance levels investigated except in comparison 00-00-HU/00-00-HU-corine, when the method was not applicable on four days. On 5 July 2012, there is only one significant difference case at significance level 0.10. Area-averaged diurnal courses of PBL height obtained in the sub-region for different land cover types on 5 July and on 7 August, 2012 are presented in Fig. 8 . Of course, the diurnal courses obtained on 5 July and on 7 August are unequivocally different as in the previous tests discussed above. The results refer to three so-called single tests (comparisons 00-00-HU/06-00-HU, 00-00-HU/12-00-HU and 00-00-HU/14-00-HU) and one socalled accumulated (comparison 00-00-HU/00-00-HUcorine) test. As mentioned, the single tests facilitate the understanding of cause/effect relationships, while accu- mulated tests do not enable this. According to USGS, the sub-region is covered by land cover type "dryland cropland and pasture" (vegetation type 2). Replacing this land cover type by the land cover types denoted in Table 4 , the albedo (α) decreases, while the minimum stomatal resistance (r stmin ) and the roughness length (z 0 ) increase in most cases. The considered land cover type changes will produce higher sensible heat flux and, accordingly, higher PBL height, namely, the decrease of α increases the available surface energy flux, so the turbulent transport, and the increase of r stmin and z 0 contribute to the increase of sensible heat flux. These changes produced by single tests are remarkably well represented in Table 5 and in Fig. 8 . This straightforward thinking could not be applied when performing accumulated tests. This is demonstrated in comparison 00-00-HU/00-00-HU-corine (Fig. 9) , when instead of the USGS land cover map, the land cover map Corine 2000 is used. Note that PBL height differences are quite small and they can be both positive and negative (Table 5 ). 
Comparison of land cover and soil changes
Comparing D values obtained in the comparisons (Table 5) we can get an insight into the sensitivity of PBL height to land cover and soil changes. It is unequivocal that D values referring to the so-called single and accumulated tests have to be separately considered. The smallest D = 11 m value from the single soil change test is comparable to the smallest |D| = 19 m value got in the single land cover change test. Similarly, the greatest |D| = 494 m value obtained in the single soil change test is comparable with the greatest |D| = 437 m value obtained in the single land cover change test. In case of soil change, the significance test method, unfortunately, was not even applicable (Table 6 ), while in case of land cover change the difference was significant at all significance levels (Table 7 ). In the so-called accumulated tests, the D values obtained were either positive or negative and amounted to a few meters or a few tens of meters except on 5 July 2012. In these cases, the differences were insignificant about 50 per cent of the time. Summarizing, the produced PBL height differences caused by soil and land cover changes are comparable to each other, at least in the tests used, and they were much greater in the so-called single than in the so-called accumulated tests.
Sensitivity to Rib cr
As it was mentioned, the basic setting in WRF regarding Rib cr values is Rib The PBL height courses referring to comparisons 00-00-HU/00-00-HU-r 1 and 00-00-HU/00-00-HU-r 2 on 5 July and 7 August 2012 are presented in Fig. 10 . D, as defined above, is negative on all five days (not presented here), which is to be expected since PBL height is proportional to Rib cr . Around midday (11-15 UTC), the differences are small, at night they are somewhat greater. The greatest |D| = 130 m appeared in comparison 00-00-HU/00-00-HU-r 2 on 7 August 2012. Summarizing, PBL height course, especially around midday, seems not to be sensitive to the changes of Rib cr . It is to be mentiod that a definite conclusion could not be drawn, namely, some investigations (e.g. Jeričević and Grisogono, 2006) showed that the sensitivity depends on the intensity of the turbulence.
Conclusion
The sensitivity of WRF-simulated PBL height to land cover and soil changes is investigated in the Carpathian Basin on five summer days when shallow convection was prevailing because of anticyclone influence. Socalled single and accumulated land cover type and soil change tests are made. In total, seven single and three accumulated tests are performed for each day. Single tests are performed to be able to unequivocally separate the cause and effect relationships, which is hardly possible when performing accumulated tests. Land cover and soil changes affect the atmosphere in completely different ways. By changing soil hydraulic properties, plant available soil moisture content changes causing shifts in the partitioning of latent and sensible heat fluxes. Land cover type changes induce not only physical (albedo and roughness length) but also eco-physiological (e.g. minimum stomatal resistance) changes in land-surface characteristics modifying both available energy flux and the partitioning between latent and sensible heat fluxes. PBL height is analyzed because it could serve as an integral measure for characterizing turbulent mixing in the PBL. PBL is parameterized after the Yonsei University scheme (Hong et al., 2006) . The analysis is performed for the most simple case, that is, for cloud-free conditions.
The most important results are as follows. The methods applied for validating PBL height diurnal courses (SNR and YSU-MEA) show substantial deviations which can vary between −1000 m and 1500 m. The YSU-MEA-YSU-WRF differences are, in general, somewhat smaller than the SNR-YSU-MEA differences. These facts suggest that PBL height diurnal course estimations are highly uncertain not only because the measuring principles (SNR versus YSU-MEA) differ but also because the atmospheric profiles determined using measurements or models (YSU-WRF-YSU-MEA) can also substantially differ. Concerning sensitivity analysis, the space/time averaged PBL height differences in the sub-region around midday (11-15 UTC) obtained in the single tests are much greater than those obtained in the accumulated tests. The greatest |D| = 494 m value obtained in the single soil change test 00-00-HU/00-12-HU highlights the importance of the soil texture clay. This is in accordance with the findings of other researchers (e.g. Mölders, 2001 Mölders, , 2005 Li et al., 1994) . Similarly greater differences are derived from the single land cover change tests, for instance, in comparison 00-00-HU/12-00-HU. In most cases, these diurnal course PBL height differences are significant at all significance levels. |D| reaching a few tens of meters can be treated as strongly significant. |D| values obtained in the accumulated tests seem to be small, many times around zero. In these cases, the significance test method was frequently not applicable. It is to be mentioned that the PBL height deviations obtained in validation tests (Fig. 3) , at least in our case, are much greater than the deviations obtained in sensitivity analyses (Figs. 6 and 8) .
Further investigations are needed. Detailed diurnal course PBL height analyses are quite rare (e.g. Hernán-dez-Ceballos et al., 2012), irrespective of whether simulated or observation-based. The courses are highly uncertain even in such extremely simple weather situations as ours. Of course, we had to choose as simple conditions as possible to be able to isolate the land-surface effects, namely, in less ideal weather and terrain conditions this would not be possible.
